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It is thought that small intestinal epithelial stem cell progeny, via Notch signaling, yield a Hes1-expressing columnar lineage progenitor and an
Atoh1 (also known as Math1)-expressing common progenitor for all granulocytic lineages including enteroendocrine cells, one of the body's
largest populations of endocrine cells. Because Neurogenin 3 (Neurog3) null mice lack enteroendocrine cells, Neurog3-expressing progenitors
derived from the common granulocytic progenitor are thought to produce the enteroendocrine lineage, although more recent work indicates that
Neurog3+ progenitors also contribute to non-enteroendocrine lineages. We aimed to test this model and better characterize the progenitors leading
from the stem cells to the enteroendocrine lineage. We investigated clones derived from enteroendocrine precursors and found no evidence of a
common granulocytic progenitor that routinely yields all granulocytic lineages. Rather, enteroendocrine cells are derived from a short-lived
bipotential progenitor whose offspring, probably via Notch signaling, yield a Neurog3+ cell committed to the enteroendocrine lineage and a
progenitor committed to the columnar lineage. The Neurog3+ cell population is heterogeneous; only about 1/3 are slowly cycling progenitors, the
rest are postmitotic cells in early stages of enteroendocrine differentiation. No evidence was found that Neurog3+ cells contribute to non-
enteroendocrine lineages. Revised lineage models for the small intestinal epithelium are introduced.
© 2006 Elsevier Inc. All rights reserved.Keywords: Enteroendocrine cell; Neurogenin 3; Intestinal epithelium; Crypt; Cell lineage; Differentiation; Progenitor; Stem cell; Clone; Mathematical modelIntroduction
The small intestinal epithelium is organized into numerous
crypts and villi whose cells are continuously renewed
throughout life. The stem cells (S) underlying this renewal
are thought to be among the immature columnar cells found in
the stem-cell zone, the first 4–5 cell positions of the crypt base
(Bjerknes and Cheng, 1981a,b, 1999, 2005; Cheng and
Leblond, 1974b). S gives rise to at least 4 distinct cell
lineages, the columnar (C), mucous (M), Paneth (P), and
enteroendocrine (E) cell lineages. Differentiation along eachAbbreviations: BAC, bacterial artificial chromosome; C, columnar; C1,
columnar-cell progenitor; Chga, chromogranin A; DBA, Dolichos biflorus
agglutinin; E, enteroendocrine; E1, enteroendocrine-cell progenitor; M,
mucous; Neurog3, Neurogenin 3; P, Paneth; p-H3, phospho-histone H3; S,
stem cell.
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doi:10.1016/j.ydbio.2006.07.040lineage commences at a common origin just above the stem-
cell zone (approximately in cell positions 5 and above; Fig.
9A) through a poorly understood process involving various
intermediate progenitors. Most of their offspring migrate
upwards from the common origin to populate the villus, but P-
and occasional E-, M-, and C-lineage cells migrate down-
wards into the crypt base (Bjerknes and Cheng, 1981a,b,
2005). Thus there is a bidirectional cell migration from the
common origin of differentiation.
Specification of the intestinal epithelial cell lineages, like
that in many other systems (Artavanis-Tsakonas et al., 1999),
likely involves Notch signaling (Jensen et al., 2000). In the
intestinal epithelium, Notch signaling is thought to determine
specification along the C-lineage versus the granulocytic M-,
E-, and P-lineages (the granulocytic lineages are also
commonly collectively referred to as the “secretory cells”;
however, this descriptor is problematic because columnar cells
are also actively secretory). It is thought that cells with
723M. Bjerknes, H. Cheng / Developmental Biology 300 (2006) 722–735activated Notch express Hes-family genes and commit to the
C-lineage; otherwise atonal homolog 1 (Atoh1; this is MGI and
HUGO sanctioned symbol, but Math1 and HATH1 are more
commonly used) is expressed and the cells commit to
granulocytic lineages. Accordingly Atoh1−/− mice lack all
granulocytic lineages leading to the conclusion that an Atoh1-
dependent common granulocytic progenitor gives rise to the
M-, E-, and P-cell lineages (Yang et al., 2001). As expected
under this model, suppression of Notch signaling increases the
frequency of granulocytic lineages in the epithelium (Jensen et
al., 2000; Milano et al., 2004; Crosnier et al., 2005; van Es
et al., 2005; Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006), whereas a decrease is seen in mice and flies
engineered to express constitutively active Notch (Fre et al.,
2005; Stanger et al., 2005; Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006). With one exception (van Es
et al., 2005), most studies report that perturbing Notch
signaling alters E-cell frequency in flies, fish, and mammals
(Jensen et al., 2000; Milano et al., 2004; Crosnier et al., 2005;
Fre et al., 2005; Stanger et al., 2005; Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2006).
Mature E cells are hormone-secreting cells characterized by
an accumulation of granules in their basal cytoplasm.MultipleE
subtypes are recognized on the basis of their secretory products,
but Chromogranin A (Chga), which functions in formation of
secretory granules and inhibition of secretion (Taupenot et al.,
2003), is expressed in most subtypes (Facer et al., 1985; Cetin et
al., 1989; Ku et al., 2003; Rindi et al., 2004), and thus serves as a
useful E-lineage marker. Neurogenin 3 (Neurog3; this is the
MGI and HUGO sanctioned symbol, but Ngn3 is more
commonly used) is a transcription factor involved in specifica-
tion of progenitor-cell identity in a number of tissues (Bertrand
et al., 2002). In the crypt, Neurog3+ cells are rare cells thought to
be early progenitors of the E-lineage (Jenny et al., 2002).
Expression of Neurog3 in presumptive common granulocytic
progenitors is thought to lead to specification of Neurog3+ E-
lineage progenitors because: (1) Neurog3−/− mice lack E cells
(Jenny et al., 2002); (2) Neurog3+ cells are proliferative (Jenny
et al., 2002; Schonhoff et al., 2004); (3) Neurog3+ cells are
Chga− (Jenny et al., 2002; Schonhoff et al., 2004); (4) a subset of
Neurog3+ cells and some Chga+ cells were lacZ+ when 6.9 kb of
genomic sequence 5′ to Neurog3was used to control expression
of lacZ in transgenic mice (Jenny et al., 2002); and (5) all E cells
were lacZ+ in transgenic lineage tracing experiments using a
Neurog3 BAC (Schonhoff et al., 2004). It is important to stress,
however, that the conclusions that Neurog3 is involved in E-
lineage specification and that the E-lineage is derived from
Neurog3+ progenitors are both critically dependent on the
observation that E cells are Neurog3− (Jenny et al., 2002;
Schonhoff et al., 2004). If immatureE cells are in fact Neurog3+,
as we show below, then the appearance of lacZ+ E cells in
transgenic mice and the absence of E cells in Neurog3−/− mice
might equally well be explained by dependence on Neurog3
activity in young postmitotic E cells rather than in progenitors.
Furthermore, the Neurog3 BAC lineage tracing study found
that in proximal small intestine >10% ofM- and P-lineage cells
and occasionally entire crypt–villus columns were lacZ+,indicating that Neurog3 is expressed in a variety of progenitors,
including S (Schonhoff et al., 2004). This, in combination with
our observation that young E cells are Neurog3+, reopens the
question of whether Neurog3+ progenitors are involved in
generating E-lineage cells, motivating a detailed quantitative
study of the dynamics of E-lineage cell production and
differentiation.
We present evidence thatE cells are derived from a short-lived
bipotential progenitor, MixE, which generates E- and C-lineage
cells presumably as a result of Notch signaling in amanner similar
to the bipotential progenitorMixM previously shown to give rise
toM- andC-lineage cells (Bjerknes and Cheng, 1999, 2005). We
found no evidence of significant contribution of Neurog3+ cells
to the other epithelial cell lineages, nor did we find evidence of
a common granulocytic progenitor that regularly yields cells in
multiple granulocytic lineages.
Materials and methods
Epithelial and nuclear isolation
Adult male CD-1 mice (Charles River, Canada) were used in all experiments
except the clone study. Mice were housed in sterile microisolators and kept on a
12-h light/dark cycle. All procedures involving mice were approved by the
University of Toronto Animal Care Committee. Data were collected from at
least 3 mice in each experiment or time interval described. Intestinal epithelium
was isolated by vibration of 5 cm segments of proximal jejunum following
transcardial perfusion with 30 mmol/L EDTA in oxygenated calcium- and
magnesium-free Hank's balanced salt solution at 37°C as described (Bjerknes
and Cheng, 1981c). The epithelium was fixed overnight at 4°C in 4%
paraformaldehyde in PBS or in −20°C acetone. Nuclei for flow cytometry were
prepared from freshly isolated epithelium using detergent lysis as described
(Blobel and Potter, 1966) and were fixed in −20°C acetone.
Immunofluorescence and cell position assignment
Isolated epithelium or nuclei were stained with various combinations of
primary antibodies and lectins at 4°C overnight, washed with PBS at 4°C for 2 h,
stained with the appropriate secondary antibodies at 4°C for 2 h, and then
washed with PBS at 4°C for 1 h. Crypt-villus units were microdissected,
mounted on slides, and imaged with an AxioImager Z1 with a cooled CCD
AxioCam. Pseudocolor-multichannel-images were generated (deconvolution
was applied to image stacks to generate Fig. 4) with Axiovision 4.5 software
(Carl Zeiss Canada).
Crypt cell positions were assigned essentially as is done with well-cut crypt
sections. Under differential interference contrast microscopy, the intersection
with the crypt base of an axis running along the center of the crypt lumen was
used to define cell(s) in position 1, and then the cell of interest was assigned a
position by sequentially numbering the intervening nuclei.
The following reagents were used for immunofluorescence with isolated
epithelium or for flow cytometry with nuclei. The antibody against Neurog3
(1:4000) was a gift from the Antibody Core of the Beta Cell Biology Consortium
(www.betacell.org; Dr. O. Madsen) and was developed against a GST-fusion
protein containing the 95 amino terminal amino acids of mouse Neurog3 (Zahn
et al., 2004). The specificity of the Neurog3 antibody was confirmed (Zahn et
al., 2004) against a reference antibody preparation (Schwitzgebel et al., 2000)
that has been shown not to stain cells in Neurog3−/− mice (Jenny et al., 2002).
Antibodies specific for Chga were used as an E-lineage marker (Rindi et al.,
2004). Rabbit anti-human Chga (1:1000; DakoCytomation) was previously
shown to specifically label mouse E cells (Ku et al., 2003; Bjerknes and
Cheng, 2002) and served as a reference for the specificity of goat anti-human
Chga (1:100; Santa Cruz). The same cells were stained with both antibodies
in double labeled crypts. Monoclonal TEC-3 rat anti-mouse Ki-67 antibody
(1:400; Scholzen and Gerdes, 2000; DakoCytomation) was used to label
Table 1
Estimated number and lifetimes of E-lineage cells in crypts
Staining pattern Cell type Average # cells Lifetime
Neurog3 Ki-67 Chga
per crypt in crypt
+ + − E1 n1=0.36 t1≈40 h
+ − − ENeurog3 n2=0.34 t2≈12 h
+ − + ENeurog3/Chga n3=0.27 t3≈9.5 h





+ ENeurog3/Chga+E n3+n4=1.84 t3+t4≈65 h
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(1:8000; Goto et al., 1999; Sigma) was used to identify cells in mitosis.
FITC-conjugated Dolichos bifloris agglutinin (DBA) lectin (Sigma) was used
at 1:60,000 to label cell clones induced by somatic mutation (see below).
Alexa fluor 488 conjugated wheat germ agglutinin lectin (Molecular Probes)
was used at 1:1000 to stain the secretory granules of Paneth and mucous
cells. Secondary antibodies used from Molecular Probes were Alexa 488 or
Alexa 555 donkey anti-rabbit IgG (1:2000), Alexa 488 or Alexa 647 donkey
anti-goat IgG (1:10000), Alexa 594 donkey anti-rat IgG (1:4000), and Cy3
donkey anti-rat IgG from Jackson ImmunoResearch Labs. (1:2000).
Individual secondary antibodies were checked for lack of nonspecific staining
of the crypts and combinations of secondary antibodies directed against
primary antibodies from multiple species were checked for lack of significant
cross reactivity.
Multiparameter flow cytometry
Nuclei from the intestinal epithelium of 8 mice were stained with
antibodies specific for Neurog3 (or an equivalent concentration of nonspecific
control serum) and Ki-67 as described above. The final wash buffer was
removed and replaced with a solution of DAPI (Sigma) to stain nuclear DNA
in order to estimate the fraction of Neurog3+ nuclei in S phase of the cell cycle
(the DNA content of nuclei in S phase ranges between 2n and 4n, depending
on the degree of completion of DNA replication). Nuclei were used at
concentrations of ∼106/ml and were analyzed on a CyFlow ML flow
cytometer (Partec GmBH, Germany) equipped with 532 nm and 633 nm lasers
and a mercury arc lamp (for excitation of DAPI). Events were triggered by
forward light scatter and the event rate was kept at about 100/s to minimize
coincidences. WinList (Verity software house, ME) was used for subsequent
data processing, which involved establishing a series of gating windows to
distinguish proliferating from non-proliferating Neurog3+ nuclei. First, small
debris was excluded using forward and side scatter. Then nuclei from
proliferating cells were identified as the strongly Ki-67+ nuclei in a 2D dotplot
of DNA content (DAPI) versus Ki-67 staining (Alexa-594) and a gating
window established to define them (Fig. 5A). A gating window defining
Neurog3+ staining was established from measurements of nuclei stained with
nonspecific control serum to identify a region within which <0.0001 of control
serum stained nuclei were found (Fig. 5B). Anti-Neurog3 stained nuclei found
within this gating window were considered to be Neurog3+ (Fig. 5C) and
represent Ki-67+Neurog3+ nuclei, i.e. cycling Neurog3+ nuclei. The fraction of
Ki-67+Neurog3+ nuclei in S phase of the cell cycle was estimated by applying
ModFit (Verity software house, ME; Fig. 5D) to the DNA histograms of the
gated nuclei.
Clonal analysis
Clones derived from marked progenitors were induced by somatic
mutagenesis in 4 male SWR mice (The Jackson Laboratory, ME). SWR mice
normally lack small intestinal epithelial binding sites for DBA lectin (Winton
et al., 1988). Therefore following staining with DBA lectin, the cells in crypts
isolated from untreated mice are DBA− (with the exception of rare cells
resulting from spontaneous mutations). The mutagen N-nitroso-N-ethylurea
may be used to induce expression of DBA lectin binding sites in random
intestinal epithelial cells (Cosentino and Heddle, 1995). Clones derived from
affected progenitors appear as DBA+ cells against a background of DBA−
cells, thus allowing analysis of the descendants of individual progenitors
(Bjerknes and Cheng, 1999).
Mice were given a single IP injection of 250 mg/kg N-nitroso-N-ethylurea
(Sigma). Intestinal epithelium was collected 3 days post-treatment, fixed in 4%
paraformaldehyde, stained with FITC-conjugated DBA and antibodies against
Neurog3 and Chga as described above. Crypt-villus units were microdissected,
mounted, and examined using immersion objectives (63× or 100×) and an
immersion condenser (for differential interference contrast imaging). At least
10,000 crypts per mouse were screened for DBA+ clones. Control mice received
vehicle only and their crypts contained DBA+ clones at a frequency 150× lower
than did the treated mice. The type and number of cells contained in each clone
were determined.Metaphase accumulation of Neurog3+ progenitors
Colcemid (2.5 mg/kg IP, Sigma) was used to block progression of the cell
cycle at metaphase in an attempt to measure the cell production rate of Neurog3+
progenitors. The epithelium was isolated 0 and 2 h post colcemid administration,
and stained with antibodies specific for Neurog3 and the mitosis marker
phospho-histone H3 (p-H3; Goto et al., 1999) as described above. The number
of p-H3+Neurog3+ cells per crypt was scored and used to estimate the rate of cell
production by Neurog3+ progenitors.
Results
Distribution and characterization of Neurog3+ cells
We found an average of about 1 Neurog3+ cell per crypt
(Table 1, Fig. 1A inset). About 75% were in cell positions
5–8 (Figs. 1A, 2A), but they were occasionally seen in all
regions of the crypt including the mid and upper crypt
(Figs. 1A, 2F). The localization of most Neurog3+ cells
within the crypt is consistent with the idea that they are
early progenitors (Jenny et al., 2002; Schonhoff et al., 2004)
because most were found near the common origin of
differentiation (cell position 5 and above). However, 63% of
Neurog3+ cells were Ki-67− (Table 1, Figs. 1C, 2F, G) and
hence are likely postmitotic cells in the process of
differentiation rather than progenitors. This conclusion is
further indicated by the fact that about 28% of Neurog3+
cells were Chga+ cells observed in progressive stages of E-
lineage differentiation, ranging from just a few Chga+
granules in the basal cytoplasm to moderate basal
accumulations (Figs. 1B, 2B–E, 6A; Table 1). We
demonstrate below that the Neurog3+Ki-67−Chga− cells are
most likely young E cells that have not yet accumulated
detectable amounts of Chga. Thus only about 1/3 of
Neurog3+ cells in the adult crypt are potential progenitors,
the rest, as evidenced by the Neurog3+Chga+ cells, are in
process of terminal differentiation.
Mature E cells in both the crypt and villus were Neurog3−
(Fig. 2B), as others have reported (Jenny et al., 2002;
Schonhoff et al., 2004). Staining for Chga and Ki-67 showed
that Chga+ cells, i.e. definitive E-lineage cells, in all stages of
differentiation were Ki-67− (Table 1), confirming previous
reports that mouse E cells are normally postmitotic (Cheng
and Leblond, 1974a; Bjerknes and Cheng, 1981b; Jenny et al.,
2002).
Fig. 1. Distribution of Neurog3+ subtypes and Chga+ cells within the crypt. Data are normalized to the number of Neurog3+ cells scored (n=1114). (A) The fraction of
Neurog3+ and Chga+ cells found in different cell positions along the crypt axis. Most Neurog3+ cells were found in cell positions 5–8. The inset plot shows the
distribution of the number of Neurog3+ cells contained in crypts. Most crypts contained 0 or 1 Neurog3+ cells, but rare crypts contained as many as 9. (B) The fraction
of Neurog3+Chga+ and Neurog3+Chga− cells found in cell positions along the crypt axis. (C) The fraction of Neurog3+Ki-67+ and Neurog3+Ki-67− cells found in cell
positions along the crypt axis.
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identified by differential interference contrast microscopy or by
staining of their granules with wheat germ agglutinin lectin,
confirming the findings of the lineage tracing study (Schonhoff
et al., 2004) that while subsets of M- and P-lineage cells were
derived from a Neurog3-expressing precursor, M- and P-
lineage cells did not express Neurog3. We found that imaging
M- and P-lineage cells with differential interference contrast
microscopy identified the same cells as wheat germ agglutinin
lectin staining (Fig. 3). Thus in subsequent analyses we used
differential interference contrast microscopy to identifyM- and
P-lineage cells.Fig. 2. Differential interference contrast and pseudocolor-fluorescence images of isol
Chga− cell with a Neurog3+ nucleus (arrowhead). Paneth (P) and mucous (M) linea
Neurog3+Chga+ youngE cells (arrowheads). Note the increasing basal accumulation o
crypt in panel B. (F) Two midcrypt Ki-67−Neurog3+ cells (arrowheads); the dotted cu
the dotted curve outlines the crypt base.Neurog3 becomes cytoplasmic during mitosis
The Neurog3 BAC lineage tracing study indicates that
Neurog3 is expressed in non-E-lineage progenitors (Schonhoff
et al., 2004). If Neurog3+ progenitors also contribute to non-E-
lineages, as these results suggest, then their rate of cell
production should exceed that necessary for E-cell renewal.
This prediction of excess cell production could, in principle, be
directly tested by measuring the rate of Neurog3+ metaphase
accumulation following colcemid treatment. However, we
observed that cells in mitosis often had cytoplasmic rather
than exclusively chromosomal Neurog3 staining, indicating thatated crypts containing Neurog3+ cells in various stages of differentiation. (A) A
ge cells can be identified by their apical granules and are all Neurog3−. (B–E)
f Chga+ granules from panels B to E and the mature Neurog3− E cell in the upper
rve outlines the crypt base. (G) Ki-67+Neurog3+ cell (arrowhead) in crypt base;
Fig. 3. Paneth and mucous lineage cells identified by staining with wheat germ
agglutinin lectin can also be identified by differential interference contrast
microscopy. (A) Differential interference contrast images of isolated crypts
showing multiple P- and M-lineage cells with their characteristic granules. (B)
Paneth and mucous granules were labeled by staining the crypts with wheat
germ agglutinin, which also stains material secreted into the lumen as seen in the
left crypt. Notice that the cells containing labeled granules are easily seen with
differential interference contrast alone in panel A.
Fig. 4. Neurog3 becomes progressively cytoplasmic during mitosis. Neurog3
and p-H3 staining is used to identify Neurog3+ cells in mitosis. All fluorescence
images in this plate result from deconvolved image stacks. Neurog3 is
associated with chromatin in prophase (A), becoming slightly cytoplasmic in
prometaphase (B), and more cytoplasmic in later stages of mitosis (C–F). The
p-H3 staining (C) and Neurog3 staining (D) are superimposed in panel E
while panel F shows the corresponding differential interference contrast image
of the crypt containing the mitosis.
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confirmed these observations by costaining with the mitosis
marker phospho-histone H3 (p-H3) (Goto et al., 1999). We
observed Neurog3+p-H3+ prophases (Fig. 4A), but Neurog3
staining was often slightly cytoplasmic in prometaphases (Fig.
4B), and was progressively cytoplasmic and weaker in later
stages of mitosis (Figs. 4C–F). A similar displacement from the
chromosomes in the course of mitosis has been observed for
many transcription factors in tissue cultured cells (Hershkovitz
and Riggs, 1995; Martinez-Balbas et al., 1995; Muchardt et al.,
1996; Gottesfeld and Forbes, 1997; Zaidi et al., 2003; Zhou et
al., 2005). Our observation of the displacement of Neurog3
indicates that similar events may occur in vivo.
Nonetheless, we elected to proceed in the hope that
sufficient Neurog3 staining might be retained in blocked meta-
phases to allow measurement of the Neurog3+ cell productionrate. Two hours after colcemid treatment, we observed large
numbers of blocked metaphases but only a small increase in
Neurog3+ mitoses. 4739 and 1664 crypts were scored from the
0 h and 2 h mice, respectively, and these contained an average
of 0.0032 and 0.0072 Neurog3+p-H3+ cells per crypt at 0 and 2
h after colcemid, respectively, corresponding to a cell cycle
time of ∼180 h (0.36 Neurog3+ progenitors per crypt produce
0.002 cells per hour). Since we find below using flow cyto-
metry that Neurog3+ progenitors probably cycle more rapidly
than this, we conclude that the amount of Neurog3 in many
blocked metaphases probably dropped below our detection
limits. If we are wrong and the progenitor cell cycle time is
indeed ∼180 h then the Neurog3+ progenitors do not make
enough cells to contribute significantly to the E-cell lineage, let
alone the other lineages.
Neurog3+ progenitor cell cycle time is about 40 h
The cell cycle time of Neurog3+ progenitor can also be
estimated by flow cytometry. The distribution through the cell
cycle of epithelial nuclei stained with Neurog3, Ki-67, and
DAPI was measured by multiparameter flow cytometry. The
fraction of Neurog3+ nuclei was determined to be 0.0017±
0.0001 (X±SEM, n=8), which is in accord with direct
Fig. 5. Flow cytometric analysis of Neurog3+ progenitors. (A) Nuclei were
stained for DNA (DAPI), Ki-67, and Neurog3. Proliferating cells (i.e. Ki-67+
cells) were identified using a gating window as shown. (B) Samples stained with
control serum rather than anti-Neurog3 were used to set a gating window
defining Neurog3+ cells (the rectangular region containing no events). (C)
Nuclei within the gating window set in panel B were considered to be Neurog3+.
(D) The resulting DNA histogram from the gated Neurog3+Ki-67+ nuclei and
estimates of G1, S and G2/M populations derived from the histogram.
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calculation. Crypts contain on average ∼1 Neurog3+ cells
(Table 1). Since in proximal jejunum there are about 10 crypts
per villus and about 5–10×103 cells per crypt–villus unit
(Cheng and Bjerknes, 1985), we may calculate that about
0.001 to 0.002 of epithelial cells are Neurog3+ (0.001=10/Fig. 6. Neurog3+ cells and their association with clonally related C-lineage cells. (A
multipleC cells, only some of which are visible in the optical section shown. (A) Clon
a C cell. (C, D) Two Neurog3+ cells seen in different focal planes of the same cryp10×103, 0.002=10/5×103). The fraction of Neurog3+ cells
that are Ki-67+ was also in accord whether measured by flow
cytometry (0.31±0.01) or by direct microscope counts
[0.37=n1 / (n1+n2+n3); Table 1]. This gives us confidence
that we were able to reasonably assess the Neurog3+ popu-
lation using flow cytometry. Analysis of the DNA histogram
from 969 Neurog3+Ki-67+ nuclei showed that about 19.4% of
Neurog3+Ki-67+ cells are in S-phase (Fig. 5). Assuming
steady state, and an epithelial S-phase duration of 7–8 h (Al-
Dewachi et al., 1979; Schultze et al., 1979), the cell cycle time
of Neurog3+Ki-67+ cells is ∼40 h (7.5/0.194).
3-day clones containing Neurog3+ and/or Chga+ cells also
contain C but not other lineages
N-nitroso-N-ethylurea was administered to SWR mice to
induce binding sites for the Dolichos biflorus agglutinin
(DBA) lectin in random progenitors. The resulting DBA+
progenitors generate clones of cells that were visualized by
staining epithelium isolated 3 days later with fluorochrome-
conjugated lectin in addition to antibodies specific for
Neurog3 and Chga. Determining the composition of such
clones allowed a better characterization of the nature of the
progenitors involved in the E-lineage. Three days was chosen
because we previously found that MixM's progeny first
appear on the villus base 4 days after clone induction, but are
largely confined to the crypt at 3 days (Bjerknes and Cheng,
1999). This was also the case for rare clones observed to
contain a mix of E- and C-lineage cells (unpublished
observations from Bjerknes and Cheng, 1999). Thus 3 days
allowed sufficient time for clone elaboration while still
retaining cells in the crypt, as illustrated by the clone
shown in Fig. 6A. For simplicity, we will refer to Neurog3+
Chga−, Neurog3+Chga+, and Neurog3−Chga+ cells collec-–E) DBA+ clones containing Neurog3+ cells (arrowheads). All clones contain
e containing a Neurog3+Chga+ young E cell. (B) Neurog3+ cell intertwined with
t. (E) Two overlapping Neurog3+ cells.
Table 2
E-lineage cells in clones
Characterization of E-lineage cells
observed in clones





Number of E-lineage cells
in each mixed clone
Number of
clones
Neurog3+Chga− 20 1 14
Neurog3+Chga+ 3 ≥2 5
Neurog3−Chga+ 5 α≥5 / (5+14)=0.26
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cells; the fraction of Neurog3+Chga− cells that are actually in
the E-lineage is estimated below). 720 of 47,050 crypts
examined contained DBA+ clones (the frequency of crypts
with clones in the 4 mice ranged from 0.0125 to 0.0168).
About 12% (range 11–13.6%) of clones contained M-lineage
cells. Only 20 of the 720 clones contained E-lineage cells. One
of the 20 clones contained only Chga+ cells, and hence was
probably derived from a marked E-lineage progenitor. The
other 19 clones all contained C-lineage cells in addition to E-
lineage cells, indicating that in these clones C- and E-lineage
cells were derived from a common precursor. The mixed C-
and E-lineage clones had a mean of 6.4 C-lineage cells (range
1–19) suggesting that their short-lived C-lineage progenitor
(C1) underwent an average of 3 divisions by the time of tissue
collection. Table 2 shows the number of each E-lineage cell
type contained in the clones. Importantly, 5 of the 19 mixed-
lineage clones contained multiple E-lineage cells, indicating
that at least 26% (5/19) of these clones contained an E-lineage
progenitor (Figs. 6C–E; Table 2). Other E-lineage cells appear
to have differentiated directly without an intervening progeni-
tor mitosis, because the remaining clones each contained only
a single E-lineage cell in addition to their C-lineage cells
(Figs. 6A, B; Table 2). Collectively the clone data are
consistent with the idea that E-lineage cells originate from
bipotential progenitors that give rise to both C- and E-lineage
cells, and newly specified E-lineage cells may either act as E-Fig. 7. Analysis of the distribution of the number of Chga+ cells per crypt. (A) Distrib
cells produced in pairs (via E-lineage progenitor cell mitosis). The data, a fit of
distribution fit are shown. (B) The maximum likelihood confidence region of the mo
because points with α=0 (i.e. no E-lineage progenitor cells) corresponding to the sim
statistically significantly less likely than the maximum likelihood fit of the model alineage progenitors or differentiate directly without an
intervening mitosis.
The distribution of the number of E cells per crypt indicates
that some E cells are made in pairs
A typical distribution resulting from counts of the number
of Chga+ cells contained in a crypt is shown in Fig. 7A (results
from two other mice were similar). The distribution is of
interest because it may contain information about the nature of
the origin of E cells. For example, if all E-lineage cells are
derived from progenitors whose divisions yield two post-
mitotic differentiating E cells then the distribution of the
number of E cells per crypt may show a bias towards even
numbers in comparison to a situation where E cells are
produced one at a time. An estimate of the proportion of E
cells produced singly or in pairs was made by fitting the
distribution of the number of Chga+ cells per crypt with a
mathematical model developed previously in a study of Paneth
cell renewal (Eq. (17) of Bjerknes, 1985). The model assumes
that E cells do not divide, and instead originate from
unspecified precursors. A fraction α of E-cell births result in
pairs of E-lineage cells, while the remaining fraction 1-α of E-
cell births result in single E-lineage cells. A second parameter
in the model, γ, is a measure of the variability in the length of
time that E cells reside in the crypt after they are made.
Consideration of γ is relevant because variability in the
residence time of members of a pair can convert pairs into
singletons (if one member of a pair happens to leave the crypt
before its partner) thus decreasing the bias towards even
numbers of E cells per crypt. Fig. 7A compares the data to a
maximum likelihood fit of the model (in which some E-lineage
cells are produced in pairs and some are produced singly) and
a fit of a simple Poisson distribution (in which all E-lineage
cells are produced singly, corresponding to α=0 in the model).
Fig. 7B shows the maximum likelihood confidence region for
estimates of α and γ given our data. The plot demonstratesution of the number of Chga+ cells per crypt used to estimate α, the fraction of E
a model described elsewhere (Bjerknes, 1985), and a corresponding Poisson
del fit is shown. The results indicate the existence of E-lineage progenitor cells
ple Poisson fit shown in panel A lie outside the confidence region, and hence are
lso shown in panel A.
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produced in pairs is statistically significantly more likely than
is a model in which all E cells are produced singly because
parameter pairs (α, γ) such that α=0 (corresponding to a
simple Poisson distribution) lie well outside of the maximum
likelihood confidence region and thus are statistically less
likely than is the fitted model. A χ2 goodness of fit test of the
maximum likelihood fit is accepted (χ2 =3.79, df=4, p=0.44),
while the Poisson fit is rejected (χ2=39.8, df=5, p=1.617×10−7).
The maximum likelihood confidence region (Fig. 7B) shows that
the data are consistent with models in which 0.15≤α≤1,
indicating that some E cells are produced in pairs, most likely
resulting frommitosis of a committed progenitor. Thus the analysis
of the number of E cells per crypt provides an independent
approach supporting the conclusion reached from the clone data
that some E cells are produced in pairs from mitosis of E-lineage
progenitors while others differentiate directly as single cells. Taken
together, these results indicate that the daughter of the bipotential
progenitor that becomes committed to the E-lineage can generate
E cells either by direct differentiation or as a short-lived E-lineage
committed progenitor.
Derivation and validation of an E-lineage model
The model of the E-lineage shown in Fig. 8 summarizes
our results. The validity of the model will be sequentially
tested in the following sections. We use MixE as a
convenient notation for the founder cells that yield mixed
clones containing only C- and E-lineage cells. The nature of
MixE (for example whether it is multipotential) will be
addressed in Discussion. In keeping with our previous
notation (Bjerknes and Cheng, 1999), we refer to committed
E- and C-lineage progenitors as E1 and C1, respectively.
MixE mitosis yields, presumably through a Notch-dependent
specification mechanism, a C-lineage progenitor, C1, and aFig. 8. Derivation of the E-cell lineage. Various lines of evidence indicate that
MixEmitoses, via Notch signaling, produce aC1 progenitor committed to theC-
cell lineage, and a Neurog3+ cell committed to the E-cell lineage. In a fraction α
of MixE mitoses, the resulting E-lineage cell becomes an E1 progenitor, while
the other 1-α of MixE mitoses produce a postmitotic ENeurog3 cell. The E1
progenitors have an average cell cycle time t1 and usually divide once yielding
two ENeurog3 cells. After a time t2, on average, the ENeurog3 cells have
accumulated detectible quantities of the E-cell marker Chga, at which stage they
are called ENeurog3/Chga cells. In these cells, Neurog3 levels drop below
detection limits after time t3, on average, and the resulting E cells leave the crypt
after an additional time t4.Neurog3+ cell committed to the E-lineage (Fig. 8). Our data
indicate that two alternate paths exist for the Neurog3+
daughter of MixE that is committed to the E-cell lineage. A
fraction α of the Neurog3+ daughters acts as E-lineage
progenitors, which we denote E1; while the remaining 1-α
differentiate directly into postmitotic Neurog3+Chga− cells
committed to the E-cell lineage, which we denote ENeurog3.
When ENeurog3 cells differentiate to the point that they
contain detectable quantities of Chga, we designate them
ENeurog3/Chga. When Neurog3 is no longer detectable in
ENeurog3/Chga cells, we designate them E cells. We assume
that the offspring of the E1 progenitors behave similarly to
the ENeurog3 cells that differentiate directly, and hence use
the same notation to describe the stages of their differentia-
tion along the E-cell lineage (i.e. there is a progression
through ENeurog3, ENeurog3/Chga, and E-cell stages). The
progression from ENeurog3 to ENeurog3/Chga stages indicated
in Fig. 8 is suggested by a MixE clone containing both a
Neurog3+Chga− and a Neurog3+Chga+ cell. Furthermore we
observed a continuum of differentiation among ENeurog3/Chga
cells from a few basal Chga+ granules to moderate accumula-
tions of basal granules (Figs. 2B–E, 6A), so it seems likely that
many of the ENeurog3 (Neurog3
+Ki-67−Chga−) cells are
postmitotic E-lineage cells that have not yet accumulated
detectable amounts of Chga. This issue is addressed quantita-
tively below.
Fig. 8 also introduces notation for the duration and number
of cells in each stage along the E-lineage. Thus t1 is the
average time spent as an E1 cell, t2 the average time spent as
an ENeurog3 cell, t3 the average time spent as an ENeurog3/Chga
cell, and t4 the average time spent as an E cell en route to the
villus. Similarly n1 is the average number of E1 cells, n2 the
average number of ENeurog3 cells, n3 the average number of
ENeurog3/Chga cells, and n4 the average number of E cells in a
crypt. The staining pattern corresponding to each cell type and
the values of n1 through n4 determined by direct cell counts
are given in Table 1.
We next examine whether the E-lineage model of Fig. 8 is
quantitatively consistent with counts of the various cell types
and measurements of their dynamics in the crypt, assuming
that all Neurog3+ cells are in the E-lineage. We then look for
evidence of cell production by Neurog3+ cells in excess of
that required to explain E-lineage renewal, which is
necessary if Neurog3+ cells also produce significant numbers
of non-E-lineage cells as suggested by the results from the
transgenic Neurog3 BAC lineage tracing study (Schonhoff et
al., 2004). The analysis will demonstrate that the initial
assumption that all Neurog3+ cells are in the E-lineage is
reasonable, and that the E-lineage model of Fig. 8 is
quantitatively consistent with measurements of E-lineage cell
dynamics.
Postmitotic Neurog3+ cells contribute primarily to the
E-lineage
We first examine whether all of the Neurog3+Ki-67−Chga−
cells that we observed are in fact immature E-lineage cells
corresponding to the ENeurog3 cells of Fig. 8. We conclude that
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These are called conservation equations because they result
from the requirement that cells present in one compartment
proceed over time into the next compartment, thus conserving
total cell numbers. Thus n2/t2 is the flux (cells per hour) of cells
through the ENeurog3 cell compartment, n3/t3 is the flux through
the ENeurog3/Chga cell compartment, and n4/t4 is the flux through
the E cell compartment. These fluxes must be equal if steady
state is to be maintained. We have measured n2 to n4 (Table 1).
t2 is about 12 h because it takes about 12 h before labeled E cells
are seen after 3H-thymidine administration (Cheng and
Leblond, 1974a; Bjerknes and Cheng, 1981b). Solving the
conservation equations for t3 we have t3=n3t2 /n2≈9.5 h.
Similarly, t4=n4t2 /n2≈55.4 h. Therefore the average time
spent from formation of an ENeurog3 cell (derived either from
direct differentiation or via E1 mitosis) to the arrival of the
resulting E cells at the villus base is t2+ t3+ t4≈77 h which
compares well with the observation that E cell clones
(presumably derived from a marked E1) have reached the villus
base by 72 h (unpublished observations from Bjerknes and
Cheng, 1999) and that labeled E cells first appear on the villus
base ∼60 h after 3H-thymidine administration (Cheng and
Leblond, 1974a; Bjerknes and Cheng, 1981b). Hence, most if
not all Neurog3+Ki-67−Chga− cells are ENeurog3 cells, other-
wise there would be insufficient cell flux through the E-lineage.
Consider for example if 1/2 of the observed Neurog3+Ki-
67−Chga− cells were actually committed to non-E-lineages and
thus only n2/2 are ENeurog3 cells; then our estimates of t3 and t4
would double and hence t2+ t3+ t4≈141.8 h which is too long
compared to the observed 60–72 h.
We should mention a small correction to these calculations,
necessary in principle, because there are two distinct popula-
tions of E cells. Most E cells migrate to the villus, but a subset
migrates downwards into the crypt base with poorly understood
kinetics (Bjerknes and Cheng, 1981b). About 14% of E-lineage
cells scored were found in positions 1–4. If we repeat the above
calculations but consider only E-lineage cells in positions 5 and
above we obtain t2+t3+t4≈75 h, which is not materially
different from the 77 h obtained above.
The conclusion that most if not all postmitotic Neurog3+
cells are in the E-lineage is also supported by the fact that while
many cells in early stages of E-cell differentiation were
Neurog3+, M- and P-lineage cells were Neurog3−.
Most if not all Neurog3+Ki-67+ cells are E1 cells
We concluded above that most, if not all, non-cycling
Neurog3+ cells represent early stages of E-lineage differentia-
tion and thus do not contribute significantly to other lineages.
We next consider whether the Neurog3+Ki-67+ (i.e. cycling)
cells that we observed correspond to the E1 cells of Fig. 8, or
whether some of them contribute to non-E-lineages. In order to
do so we use a steady state conservation equation relating theflux of cells from the E1-cell compartment to the ENeurog3-cell
compartment. In Fig. 8, MixE cells each yield on average α E1
cells and 1-α ENeurog3 cells. E1 usually yields two ENeurog3
cells. Thus under steady-state conditions, we expect to find that










where the first term is the flux of ENeurog3 cells derived from E1
and the second term is the flux of ENeurog3 cells derived directly
from MixE without an intervening E1 mitosis (the path
indicated by the dotted line in Fig. 8). In order to use this
equation to determine the extent of any excess production by the
E1 population, we must first estimate the fraction α.Estimating α, the fraction of MixE mitoses yielding E1
progenitors
We use three approaches to estimate α, the fraction of MixE
mitoses that produce an E1 cell (Fig. 8). We first derive an
upper bound on α by assuming, for the moment, that all
Neurog3+Ki-67+ cells are E1 cells. Solving Eq. (1) for α gives
equation
a ¼ n1t2
n2t1  n1t2 ð2Þ
t1 corresponds approximately to the cell cycle time of the E1
cells, which are by definition Neurog3+Ki-67+ cells. The cell
cycle time of Neurog3+Ki-67+ cells was estimated to be about
40 h using flow cytometry and hence t1≈40 h. t2 is about 12 h
since it takes about 12 h before labeled E cells are seen after
3H-thymidine administration (Cheng and Leblond, 1974a;
Bjerknes and Cheng, 1981b). n1 and n2 were directly measured
(Table 1). Substituting these values into Eq. (2), we have
α=0.46. This is actually an upper bound, that is α≤0.46,
because we assumed that all Neurog3+Ki-67+ cells are E1 cells
and this may not be the case. A lower bound of α≥0.26 was
derived from the clone study because 26% of MixE clones
contained multiple E-lineage cells indicating that those clones
contained E1. This is a lower bound because it is possible that
some of the Neurog3+ cells found in clones containing only
one Neurog3+ cell might have been an E1 cell that had not yet
divided. Combining the constraints gives 0.26≤α≤0.46 as the
range compatible with existing data. A third independent
approach to estimating α involved fitting the distribution of the
number of Chga+ cells per crypt (Fig. 7) and is consistent with
0.26≤α≤0.46.Estimating the fraction of Neurog3+ progenitors that are in the
E-lineage
Armed with an estimate for α, we proceed to determine
limits on the contribution, if any, of Neurog3+Ki-67+ cells to
non-E-cell lineages. Let N1 be the fraction of Neurog3
+Ki-67+
cells that are E1 cells; for example, if all Neurog3
+Ki-67+ cells
observed were E1 cells then N1=1, while N1=0 if none were E1
cells. Because there are n1 Neurog3
+Ki-67+ cells in an average
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Replacing n1 with N1n1 in Eq. (2) and solving for N1 gives
N1 ¼ a1þ a
n2t1
n1t2
Substituting the measured values of n1, n2, t1, and t2 (Table 1)
and 0.26≤α≤0.46 into the equation, we have 0.65≤N1≤1.0.
This means that if E1 cells are Neurog3
+, then 65–100% of
Neurog3+Ki-67+ cells are E1 cells. Thus at most 35% of
Neurog3+Ki-67+ cells may potentially contribute to non-E-
lineages and hence at most 0.35n1=0.13 Neurog3
+Ki-67+ cells
per crypt potentially contribute to non-E-lineages. This means
that there are at most about 1.3 non-E-lineage Neurog3+
progenitors per crypt–villus unit because there are ∼10 crypts
per crypt–villus unit (Cheng and Bjerknes, 1985). The Neurog3
BAC transgenic lineage tracing study reported that in proximal
intestine about 14% of M cells were lacZ+ (Schonhoff et al.,
2004). Since there are about 5–10×103 cells per crypt–villus
unit (Cheng and Bjerknes, 1985) of which about 4% areM cells
(Cheng and Bjerknes, 1982), there are about 200–400 M cells
per crypt–villus unit (400=104×0.04), with a turnover time of
about 4 days (Cheng and Leblond, 1974b). Thus the potential
non-E-lineage Neurog3+ progenitors must ultimately generate
∼7–14M cells per crypt–villus unit per day (14=0.14×400 /4)
in order to explain the lacZ+ M cells reported by SchonhoffFig. 9. Alternate lineage models for the small intestinal epithelium. (A) In the common
S, divides and gives rise to a committed progenitor C1 and a Neurog3-expressing c
multipotential stem cells, S, give rise to the short-lived bipotential progenitors M
demonstrated that most crypt output flows throughMixMwhose mitosis gives rise to t
result of Notch signaling as illustrated in the magnified circle for the offspring ofMix
C-cell lineage. In a fraction α ofMixE mitoses, the E-cell lineage committed daughte
lineage committed daughter differentiates directly into a postmitotic E cell. MixP ha
indicating the existence of a short-lived progenitor P1. (C) Alternate model in which
generate an Atoh1-expressing common granulocytic progenitor (CGP). Since multigr
a single lineage. Accordingly, each CGP usually participates in only one granulocytic
arrow leading from CGP to M1, a short-lived M-lineage progenitor). Paths leading
shown in panel C for simplicity.et al. (2004). Assuming at the extreme that all of the output from
the 1.3 potential non-E-lineage progenitors per crypt–villus unit
is committed to theM lineage, then given that these progenitors
have a cell cycle time t1≈40 h, they produce at most 2×1.3 /
(40 /24)=1.6 non-E-lineage cells per crypt–villus unit per day,
significantly fewer than the required 7–14 M-lineage cells per
day. Clearly if the 1.3 progenitors are to generate the 7–14 M-
lineage cells per day then there must be subsequent amplifica-
tion cell divisions by rapidly dividing intermediate Neurog3−
cell types (if they were Neurog3+ then they would have been
included in our counts). If so, these additional amplification
divisions should have resulted in the production of lacZ+ clones
containing multiple M-lineage cells. Therefore we would have
expected that in the BAC transgene experiment most regions of
epithelium should have contained only lacZ− M cells with
occasional large clusters of lacZ+ M cells. Instead, villi were
described as containing a mixture of lacZ– and individual lacZ+
M cells (Schonhoff et al., 2004). Because the reported pattern
appears to be different from that expected if Neurog3+
progenitors contribute to non-E-cell lineages, it seems more
likely that few if any of the Neurog3+ progenitors that we
observed participate in the M-lineage.
It is plausible that other cells might express Neurog3 at such a
low level or for such a brief interval that they are not detected
using our tools and that it is these weakly Neurog3-expressingorigin of differentiation,MixE, a short-lived bipotential progenitor derived from
ell committed to the E-cell lineage, in this example an E1 progenitor. (B) The
ixM, MixE, and MixP by as yet undetermined mechanisms. Previous work
heM1 andC1 progenitors committed to theM- andC-lineages, respectively, as a
E. Delta-Notch signaling between the two daughters ofMixE specifies E- versus
r becomes the progenitor E1, while in the remaining 1-α ofMixE mitoses the E-
s not yet been demonstrated, but P cells are produced in pairs (Bjerknes, 1985),
the progeny of a commonMix progenitor interact via Delta-Notch signaling to
anulocytic lineage clones have not been observed, CGPmust quickly commit to
lineage, most frequently theM-cell lineage (as indicated by the large size of the
directly to postmitotic cells without intervening committed progenitors are not
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the contribution to non-E-lineages seen in the transgenic
Neurog3 BAC study (Schonhoff et al., 2004). If this is the case,
then the fact that only a fraction of the cells in the non-E-lineages
were lacZ+, and hence had expressed Neurog3 at some point in
their history, suggests that Neurog3 may have functions other
than lineage specification in these non-E-lineage cells. Regard-
less, we can conclude that most if not all of the cells detected
using the Neurog3 antibody participate in the E-cell lineage.
To sum up, the calculations presented in this section have
demonstrated that the E-cell lineage diagram of Fig. 8, extracted
from the various experimental observations, is quantitatively
consistent with measurements of E-lineage cell dynamics, thus
providing a degree of reassurance that Fig. 8 is representative of
the average behavior of the cells in the E-lineage.
Discussion
Most C- and M-lineage cells are derived from a short-lived
bipotential progenitor MixM (Bjerknes and Cheng, 1999).
Interference with Notch signaling results in a switch of some or
most of this output to the M-cell lineage (Jensen et al., 2000;
Milano et al., 2004; Crosnier et al., 2005; van Es et al., 2005).
Conversely, forced expression of constitutively activated
Notch1 receptor suppresses production of the M lineage (Fre
et al., 2005; Stanger et al., 2005). Together these results
implicate Notch signaling between MixM's progeny as the
trigger for the processes leading to their specification as C- and
M-cell progenitors (C1 andM1, respectively), probably near the
common origin of differentiation (Fig. 9A; Bjerknes and Cheng,
2005). The situation regarding the E-cell lineage is less clear.
We previously observed rare clones on the villus containing
both E- and C-lineage cells (unpublished observations from
Bjerknes and Cheng, 1999), suggestive of a similar bipotential
progenitor. Furthermore, with the exception of one study (van
Es et al., 2005), interfering with Notch signaling has been found
to alter the frequency of E-lineage cells (Jensen et al., 2000;
Yang et al., 2001; Fre et al., 2005; Stanger et al., 2005; Micchelli
and Perrimon, 2006; Ohlstein and Spradling, 2006), consistent
with the idea that E-lineage specification also involves Notch
signaling. The evidence presented here strongly indicates that
the E-lineage is similarly derived from a short-lived bipotential
progenitor,MixE, yielding progeny committed to the E- and C-
cell lineages (Figs. 6, 8). The nature of these various
progenitors, and in particular whether MixE and MixM are the
same cell, is discussed below.
Neurog3+ cells and the E-lineage
The E-lineage is thought to be derived from epithelial stem
cells via Neurog3-dependent specification of common granulo-
cytic progenitors because Neurog3−/− mice lack E cells.
Furthermore, once specified the Neurog3+ cells are thought to
function as E-lineage progenitors because Neurog3+ cells were
found to be proliferative (Jenny et al., 2002). However, we found
that only about 1/3 of Neurog3+ cells are progenitors; the rest are
postmitotic cells, almost 1/2 of which express the E-cell markerChga (Table 1; Figs. 2B–E, H). Thus, the absence of E cells in
Neurog3−/− mice on its own is not sufficient evidence to justify
the conclusion that Neurog3 specifies theE-cell lineage, because
the absence of E cells in Neurog3−/− mice might instead be due
to a dependence of early E-cell differentiation on Neurog3.
Similarly, the appearance of Neurog3 promoter-induced lacZ in
E cells in transgenic mouse constructs (Jenny et al., 2002;
Schonhoff et al., 2004) might equally well be explained by
Neurog3 promoter activity in young E cells rather than in a
Neurog3+ E-lineage progenitor. Thus, despite the absence of
E cells in Neurog3−/− mice, the role of Neurog3 in E-lineage
specification and the contribution of Neurog3+ progenitors to
E-lineage cell production is unclear. The situation is further
clouded by results from the Neurog3 BAC transgenic lineage
tracing experiment which indicate that Neurog3-expressing
cells may contribute to both E-cell and non-E-cell lineages
(Schonhoff et al., 2004). Here we have attempted to examine
potential lineage relationships between the proliferating and
postmitotic Neurog3+ cells, their respective roles in generat-
ing the E- and non-E-lineages, and their relationship to the
bipotential progenitor MixE. The various Neurog3
+ cell types
identified will also be incorporated into intestinal stem cell
lineage models consistent with current data.
Our data strongly indicate that postmitotic Neurog3+ cells
are in early stages of E-cell differentiation and hence make no
contribution to other lineages because they are all required to
explain the measured rates of E cell production. Since most
Neurog3+ cells are postmitotic (Table 1), it follows that most
Neurog3+ cells are in the E-lineage. Although we cannot be
as categorical and entirely exclude the possibility that a
minority of Neurog3+ progenitors may be committed to other
lineages, we found that most if not all Neurog3+ progenitors
are required if sufficient numbers of E cells are to be made.
This leaves at most only a few Neurog3+ progenitors to
generate all of the non-E-lineage cells observed in the
transgenic animals. In order for them to do so, the progeny of
the few Neurog3+ progenitors must undergo a series of rapid
amplification divisions and this should have resulted in
clusters of lacZ+ cells, which does not seem consistent with
the reported pattern (Schonhoff et al., 2004). Thus there is no
evidence of a significant contribution of the Neurog3+
population to non-E-lineages, and we conclude that most if
not all Neurog3+ cells identifiable using Neurog3 antibodies
are in the E-lineage (see Derivation and validation of an E-
lineage model for further details).
Not only did the evidence from clonal analysis and Neurog3+
cell dynamics reaffirm the role of Neurog3+ cells in generating
the E-lineage, it also helped to refine our understanding of the
pathway leading from the short-lived bipotential progenitor
MixE to mature E cells. The E-lineage tree shown in Fig. 8
summarizes the collective evidence. The daughter ofMixE that
gives rise to the E-lineage becomes Neurog3+. About 1/4 to 1/2
of these Neurog3+ daughters act as the short-lived E-lineage
progenitorE1, whose division yields postmitoticE-lineage cells,
while the remaining Neurog3+ daughters of MixE differentiate
directly as postmitotic E-lineage cells without an intervening
progenitor stage.
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cells with a Neurog3-specific antibody. It is plausible that in
some of these Neurog3+ cells the Neurog3 was no longer
functional because maturing E cells have no detectable Neurog3
within a day of their birth (Table 1) and must therefore break it
down towards the end of that period. This has no impact on the
conclusions reached thus far because we have only used
Neurog3 staining as a marker. However, this uncertainty about
the functional state of Neurog3 in the cells that we scored limits
what can be concluded regarding the role of Neurog3 in E-
lineage specification and differentiation, leaving open the
question of the interpretation of the absence of E cells in
Neurog3−/− mice (Jenny et al., 2002). Is their absence due to a
defect in specification and/or to an inability to initiate the
postmitotic differentiation program? Future studies are required
to answer this question. However two observations suggest that
Neurog3 does have a role in postmitotic E-lineage cells. First,
we found that many Neurog3+ E-lineage cells differentiate
directly from a daughter ofMixE without an intervening mitosis
(Fig. 8). Therefore unless the Neurog3 in these postmitotic
Neurog3+ cells was already present and active in MixE (which
seems unlikely since Neurog3 expression is understood to be
downstream of the Notch signaling events that occur afterMixE
division), these E-lineage cells must have synthesized their
Neurog3 postmitotically. If so, then the absence of these E-
lineage cells in Neurog3−/− mice can be interpreted as
demonstrating that Neurog3 is required for the postmitotic
development of these early E-lineage cells. Secondly, our
observation that Neurog3 staining likely becomes weaker and
cytoplasmic in late stages of E1 mitosis indicates that their
postmitotic Neurog3+ offspring may remake Neurog3, further
indicating that Neurog3 plays a role in postmitotic early E-
lineage cells.
The small intestinal epithelial stem-cell lineage
It has been proposed that all granulocytic lineages in the
intestinal epithelium are derived from an Atoh1-expressing
common granulocytic progenitor (Atoh1 is often called Math1),
an idea that was originally motivated by the observation that
fetal Atoh1−/− mice lack E-, M-, and P-cell lineages (Yang et
al., 2001). However, Atoh1 is expressed in mature granulocytic
cells as well as in scattered midcrypt cells (Yang et al., 2001;
Jenny et al., 2002; Pinto et al., 2003; van Es et al., 2005)
indicating that Atoh1 has functions throughout the life span of
granulocytic cells. Thus the absence of granulocytic cells in
Atoh1 null mice might be due to a requirement for Atoh1
function in each granulocytic lineage rather than to the existence
of the proposed common granulocytic progenitor. The distinc-
tion is important because we have not observed the type of
clones that would be expected if such a common granulocytic
progenitor exists. In particular, under the usual interpretation of
the common granulocytic progenitor, we should have seen
clones containing a mixture of granulocytic cell types but no C-
lineage cells. Such multigranulocytic lineage clones were not
seen. In the present 3-day study, we observed C-lineage clones,
M-lineage clones, E-lineage clones, E+C-lineage clones, andM+C-lineage clones, but mixed granulocytic only clones were
not seen. In our previous study (Bjerknes and Cheng, 1999)
which ran for 22 weeks, we also did not observe mixed
granulocytic only clones. Clones containing E cells, M cells,
and P cells also contained C cells and were large clones
presumably derived from stem cells.
Fig. 9 depicts two alternative cell lineage models consistent
with current understanding of the mouse small intestinal
epithelium. The discussion above has adopted the literal
interpretation of the clone data in which the distinct short-
livedMixM andMixE bipotential progenitors each generate one
committed columnar progenitor C1 and a second daughter
committed to its specific granulocytic lineage, presumably via
Notch signaling between the two daughters that result from
mitosis (Fig. 9B). Normally, the short-lived C1 and M1
progenitors derived from MixM produce most of the crypt
output (Bjerknes and Cheng, 1999).MixE has been discussed at
length above.MixP has not yet been demonstrated, which is not
surprising because P cells turn over slowly (Bjerknes and
Cheng, 1981a) and their progenitors are probably correspond-
ingly rare. However, the short-lived progenitor P1 shown in Fig.
9B probably exists because P cells are likely produced in pairs
(Bjerknes, 1985) and a few P-cell clones have also been
observed (unpublished observations from Bjerknes and Cheng,
1999). The molecular mechanism determining the specification
ofMixM,MixE, andMixP is unknown and their derivation from
S is not understood. This model implies that the granulocytic
lineage resulting fromMixM,MixE, andMixP has already been
determined at the bipotential progenitor stage, prior to the Notch
signaling that commits one of the daughters of each bipotential
progenitor to the columnar lineage. Thus, MixE is already
specified for the E-lineage, MixM for the M-lineage, and MixP
for the P-lineage. If correct, this model forces a major revision of
the current understanding that specification of the various
granulocytic lineages, via action of transcription factors such as
Neurog3, occurs downstream of the Notch signaling interaction
specifying theC-lineage committed daughter. Instead, transcrip-
tion factors such as Neurog3 would then be reinterpreted as
initiating lineage-specific differentiation programs, while the
actual granulocytic specification event at the bipotential
progenitor stage presumably results from other as yet undeter-
mined factors.
Although our clone data are not consistent with the usual
interpretation of the model in which individual Atoh1-expres-
sing common granulocytic progenitors give rise to multiple
granulocytic lineages (Yang et al., 2001; Shroyer et al., 2005), in
Fig. 9C we present an alternate model that accommodates both a
common granulocytic progenitor and our clone data. In this
alternate model, the progeny of short-livedMix progenitors, via
Notch signaling, yield a C-lineage progenitor C1 and a common
granulocytic progenitor (CGP in Fig. 9C). The fact that we have
not seen multigranulocytic clones forces the conclusion that the
common granulocytic progenitor's multipotential state must be
brief, and the cell usually quickly commits to a single
granulocytic lineage. Accordingly, each common granulocytic
progenitor usually yields only a single granulocytic lineage,
most frequently the M lineage. If this model turns out to be the
734 M. Bjerknes, H. Cheng / Developmental Biology 300 (2006) 722–735correct interpretation, then the notation MixE used throughout
this paper should be understood to represent a Mix progenitor
whose granulocytic daughter happens to become specified to the
E-lineage, presumably as the result of as yet undetermined
signals and the consequent influence of Neurog3.
Notch signaling and lineage specification in the intestinal
epithelium
As in many other systems (Artavanis-Tsakonas et al., 1999;
Jensen et al., 2000) lineage specification in the intestinal
epithelium is thought to involve Notch signaling among a pool
of interacting crypt cells. We did not adopt the usual assumption
that the binary Notch-dependent specification mechanism
determining C-cell lineage versus granulocytic fate occurs
among a general pool of interacting cells that are not necessarily
siblings. We assumed instead that the offspring of bipotential
progenitor mitoses interact directly with each other via Notch
signaling, resulting in the commitment of one sibling to the C-
cell lineage and the other to a granulocytic lineage (Fig. 9).
Under our assumption, only one of the two siblings commits to
a granulocytic fate while the other commits to the C-lineage.
Under the usual assumption, this is not necessarily the case
because the siblings may interact with unrelated neighbors,
rather than with each other, and hence both siblings may
potentially become committed to granulocytic lineages.
Furthermore, depending on the specific signals received, they
may become committed to different granulocytic lineages.
Therefore, if non-sibling specification interactions occur
frequently, as expected under the usual assumption, then we
should have observed pure bigranulocytic clones in those
instances when siblings commit to different granulocytic
lineages. We did not see such bigranulocytic clones and hence
conclude that, in the model depicted in Fig. 9C, the siblings
produced by mitosis of a Mix progenitor usually interact with
each other rather than with other neighbors. Similar arguments
apply to the model depicted in Fig. 9B. Under the usual
assumption, interaction with neighbors would be expected to
increase the frequency of pure granulocytic clones containing
only a single granulocytic lineage, as opposed to mixed clones
containing cells in both granulocytic and columnar lineages.
Thus whether by design or by accident (because there are
usually no other available partners at the time of specification),
most of these binary specification decisions are probably
determined by Notch signaling between siblings (i.e. progeny of
short-lived bipotential progenitors such as MixM, MixE, or
Mix), presumably near the common origin of differentiation
(Fig. 9A; Bjerknes and Cheng, 2005).
Conclusions
E-lineage cells are derived from a short-lived bipotential
progenitorMixE whose daughters, probably as a result of Notch
signaling, commit to the C- and E-lineages in the common
origin of differentiation in about cell positions 5–8 of the crypt.
The daughter of MixE that commits to the E-lineage becomes
Neurog3+ and either acts as a short-lived slowly cycling E-lineage progenitor or differentiates directly into a postmitotic E-
lineage cell. Thus the Neurog3+ cell population is hetero-
geneous containing both cycling and postmitotic cells, the latter
being cells in early stages of E-cell differentiation. Analysis of
the rates of cell flux through the various stages of E-cell
differentiation indicates that most if not all of the Neurog3+
cells (both cycling and non-cycling) are in the E-lineage. This
analysis also provides estimates of the time spent in each stage
of the differentiation process; for example, postmitotic E-
lineage cells are Neurog3+ for about a day. Lastly, we found no
evidence that Neurog3+ cells contribute to non-E-lineages, nor
for the existence of a common granulocytic progenitor that
routinely yields all granulocytic lineages.
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